Abstract-Small-signal stability is an important concern in three-phase inverter-based ac power systems. The impedance-based approach based on the generalized Nyquist stability criterion (GNC) can analyze the stability related with the medium and high-frequency modes of the systems. However,. the GNC involves the right-half-plane (RHP) pole calculation of return-ratio transfer function matrices, which cannot be avoided for stability analysis of complicated ac power systems. Therefore, it necessitates the detailed internal control information of the inverters, which is not normally available for commercial inverters. To address this issue, this paper introduces the component connection method (CCM) in the frequency domain for stability analysis in the synchronous d-q frame, by proposing a method of deriving the impedance matrix of the connection networks of inverter-based ac power systems. Demonstration on a two-area system and a microgrid shows that: The CCM-enabled approach can avoid the RHP pole calculation of return-ratio matrices and enables the stability analysis by using only the impedances of system components, which could be measured without the need for the internal information. A stability analysis method based on d-q impedances, the CCM, and the determinant-based GNC is also proposed to further simplify the analysis process. Inverter controller parameters can be designed as stability regions in parameter spaces, by repetitively applying the proposed stability analysis method. Simulation and experimental results verify the validity of the proposed stability analysis method and the parameter design approach.
I. INTRODUCTION
T HREE-PHASE power-electronic inverters have been increasingly adopted to incorporate renewable energy sources and flexible loads into synchronous generator (SG) dominated power systems and small distributed energy resources based microgrids [1] . For effective power conversion and energy management, inverters utilize high-frequency pulse width modulation, passive filters, multiple control loops, and hierarchical control strategies [2] . As a result, small-signal instability issues across a wide frequency range arise from the dynamic interactions among inverters and passive components in inverterenabled ac power systems [3] . It is important to predict the system stability in advance and design the inverter controller parameters to guarantee stable system operation.
The approach based on the system state-space model and eigenvalues, which is commonly used for angle or voltage stability analysis in conventional power systems [4] , was introduced to the small-signal stability analysis and controller parameter design of inverter-based autonomous droop-controlled microgrids [5] , [6] . The modes of microgrids exhibit a frequency-scale separation [6] , [7] : the low-frequency modes, such as frequency and voltage stability, are sensitive to the grid synchronization based on the phase-locked loop (PLL) [8] , the power sharing in primary control [7] and the system-level management through secondary and tertiary control [9] ; the medium-and high-frequency modes are mainly associated with inverter inner voltage and current control loops, passive components, and dynamic loads [3] , [10] . The formulation of complete state-space models is complicated for microgrids with a large number of inverters [3] , [6] . In order to reduce the computational burden, model order reduction techniques, such as the neglect of the inner-loop dynamics [11] , the singular perturbations technique [12] , and the participation analysis [13] , are usually adopted to study the stability issues related with either the low-frequency modes [11] , [12] or the medium and high-frequency modes [13] . However, the state-space based approach requires the detailed internal control information of each inverter in the system, which is not convenient to obtain in practical applications.
Different from the state-space-based approach, the impedance-based approach analyzes the system stability by utilizing component terminal characteristics, modeled by sequence impedances based on harmonic linearization [14] or d-q impedances in the synchronous d-q frame [15] . By applying the Nyquist stability criterion [16] or the generalized Nyquist stability criterion (GNC) [17] , [18] to the impedance ratio or return-ratio matrix at the interconnection interface, mediumand high-frequency oscillation problems have been analyzed for inverter-based systems with simple structures, such as grids with a single inverter [14] or directly paralleled multiple inverters [19] , and source-load systems with one common ac bus [10] , [20] . Nevertheless, the existing criteria [17] , [18] require the examination of the right-half-plane (RHP) poles of the impedance ratio transfer function or return-ratio transfer function matrix, which still needs the internal control information of inverter components in the system. Because the RHP pole calculation could not be avoided for systems with complex structures [3] , [6] , it limits the application of the existing impedance-based stability analysis methods when the internal information of inverters is not available. In order to avoid the RHP pole calculation, some methods have been developed to apply the impedancebased criteria to the impedance ratio at each point of connection (PoC) of inverter-based system component [3] , or analyze the stability step by step from the simplest entity to the entire radial distribution network [21] . However, the analysis results could conflict at different PoCs [3] , [19] or be overly conservative [21] .
A special form of the state-space-based approach, the component connection method (CCM) was proposed to decompose conventional power systems into components and the connection network and thus simplify the formulation of system state equations thanks to the model sparsity [22] . The CCM was recently adopted in the state-space based harmonic stability analysis of inverter-based ac systems [23] . The CCM was also reported in the multivariable frequency domain and the eigenvalue-based GNC is applied to the resultant transfer function matrix model to analyze the stability of conventional power systems [24] .
In the application of the frequency-domain CCM to conventional power systems [24] , all the components are treated as voltage-controlled current sources with voltage as input and current as output, and thus the transfer function matrix (or impedance matrix) of the connection network is simply the inverse of the system nodal admittance matrix. In contrast, in inverter-based autonomous ac systems, the inverter-interfaced power sources and loads could be either voltage-controlled type or current-controlled type. As a result, the impedance matrix of the connection network could not be obviously obtained. Wang et al. [3] reviewed the application of the CCM in the frequency domain to the harmonic stability analysis of a threephase inverter-based meshed ac power system in the stationary α − β frame. But the impedance matrix of the connection network was not derived, and thus the application of the CCM was not demonstrated on the studied system. A literature survey indicates that the medium and high-frequency modes related stability analysis of inverter-based ac systems based on d-q impedances and the CCM in the frequency domain has not been demonstrated in the existing literature yet. Moreover, the stability analysis using the CCM and the determinant-based GNC, which is another type of GNC criteria besides the eigenvaluebased GNC [25] , has not been discussed in the literature yet. In order to 1) improve the d-q impedance-based approach for analysis of instability problems related with medium and high-frequency modes by avoiding the RHP pole calculation of return-ratio matrices and 2) enable the stability assessment using only the impedances of system components; this paper proposes a method to derive the impedance matrix of the connection network for the CCM-based models of three-phase inverter-based ac power systems. Consequently, this paper demonstrates, for the first time, the application of the CCM in the frequency domain together with d-q impedances and the GNC to the smallsignal stability analysis of inverter-based systems. It reveals that the CCM-enabled approach can avoid the RHP pole calculation, and thus it is superior to the normal impedance-based approach using only the GNC for the applications without the internal information of inverters. Furthermore, the stability analysis method using the CCM and the determinant-based GNC is proposed, which could further simplify the analysis process, as compared with the analysis based on the CCM and the eigenvalue-based GNC. Then, an inverter controller parameter design approach is proposed by repetitively applying the proposed stability method, and presented as stability regions in the parameter space. The simulation and experimental results of two three-phase inverter-based ac systems validate the effectiveness of the proposed stability analysis and parameter design methods.
II. D-Q IMPEDANCE MODELS OF INVERTERS IN AN INVERTER-BASED AC POWER SYSTEM

A. System Description
The two-area system is a typical three-phase ac power system for traditional-power-system-related studies, such as the interarea oscillation study [4] . A three-phase inverter-based multibus ac power system, as shown in Fig. 1 , is established for scaled-down emulation of the two-area system, which provides a tool for experimental demonstration of power-system-related research results. Four generators G1−G4 in the original twoarea system are emulated with the same per unit (p.u.) values by four voltage-controlled inverters, using the fourth order model of the SG [26] . The generator emulation also includes governor, droop control, automatic generation control (AGC), power system stabilizer, and excitation system with automatic voltage regulator. Two static ZIP loads L7 and L9 in the original system, which are the combination of constant impedance (Z), constant current (I), and constant power (P) 
10.7 mH, 0.65 loads in both real and reactive power, are emulated by two current-controlled inverters [27] . The inductance and resistance parameters of transmission lines are scaled down with same p.u. values from the original two-area system [28] . The system parameters are listed in Table I . The active powers of G1−G4 are P 1 = 0.78 p.u., P 2 = 0.78 p.u., P 3 = 0.8 p.u., and P 4 = 0.78 p.u., respectively. The active power and reactive power of L7 and L9 are P 7 = −1.07 p.u., Q 7 = 0.37 p.u., P 9 = −1.96 p.u., and Q 9 = 0.37 p.u., respectively. Fig. 2 shows the block diagram of the three-phase inverter with an output L filter. i t is the inverter output current, v M is the inverter output voltage, and v t is the inverter terminal voltage. For the inverter-based ac power system under study in this paper, the dc-link voltage v dc is regulated by a front-end converter and can be regarded as a constant value V dc . The parameters of the inverters are listed in Table II. As shown in Fig. 2 , each inverter is usually modeled and controlled in its own terminal d-q frame with the superscript c. The current-controlled inverters with ZIP load emulation synchronize with the grid frequency through the PLL. The voltagecontrolled inverters with SG emulation synchronize with the grid frequency by using the swing equation provided by the mechanical model of the generator model [26] , without the help of the PLL.
In order to facilitate the system stability analysis in the synchronous d-q frame, a common d-q frame with the superscript s is chosen to be aligned with the Bus 1 voltage, as shown in Fig. 2 . θ is the angle between two d-q frames. The values of bus voltage magnitudes and angles in the steady state are listed in Table III . It should be noted that the emulation of SGs and ZIP loads is implemented by the outer control loops of inverters. Although this inverter-based ac power system is for emulation of electromechanical phenomena with dynamics of up to 100 Hz in transmission-level power systems [4] , [26] , the inner voltage and current control loops of inverters still dominate the characteristics of the system in the frequency range above 100 Hz. Therefore, this inverter-based power system under study is significantly different from conventional power systems [29] .
In addition, the focus of this paper is on the system-level impedance-based stability analysis. The stability analysis and controller parameter design approaches discussed in this paper can be readily applied to other inverter-based ac systems, such as a microgrid with droop-controlled inverters, which will be presented in Section IV.
B. Inverters With Load Emulation
The mathematical equations of ZIP loads are expressed as (1) and (2) . P 0 , Q 0 , and V 0 represent the real and reactive power base values and nominal grid voltage value, respectively. P ZIP and Q ZIP represent actual real and reactive power values of the ZIP load, respectively, in terms of the load voltage v and grid frequency deviation Δf . The coefficients (k p1 , k p2 , k p3 ) and (k q 1 , k q 2 , k q 3 ) are for Z, I, and P portions of voltagedependent real and reactive power, respectively, while the coefficients k pf and k qf stand for the frequency-dependent characteristics, which are neglected in the following admittance modeling considering the small frequency variation in the steady state. For L7 and L9, k p1 = k q 1 = 0.2, k p2 = k q 2 = 0.2, and k p3 = k q 3 = 0.6
(1)
The values of P 0 , Q 0 , P ZIP , and Q ZIP are negative for consumption and positive for generation from the load. By applying small perturbation to the expression of load currents with power and voltages as inputs, as shown in (3), the linearized small-signal model can be achieved as in (4) 
Fig . 3 depicts the block diagram of the control loop with ZIP load emulation for the current-controlled inverter in the common system d-q frame. The output current vector of the ZIP load emulation is filtered through a first-order low pass filter (LPF) G fZIP as expressed in (5) with the cut-off frequency ω fZIP = 300 × 2π rad/s and is set as the inverter current reference.
I is the identity matrix. G ffv is the voltage feed-forward transfer function matrix as expressed in (5) . G c represents the proportional plus integral (PI) current controller matrix and G cdec is the decoupling term, as shown in (6) . The transfer function matrices for the delay G d as well as current and voltage sampling G sc and G sv are expressed in (7) . Y o is the admittance matrix of the output L filter, as shown in (8) . T θ is the transformation between two d-q frames, as shown in (8) . More detailed explanation, such as the impact of the PLL in the common d-q frame, can be found in [30] . The current open-loop gain T c and closed-loop gain G clc can be expressed as (9) and (10), respectively. Consequently, the d-q admittance Y oc of an inverter with ZIP load emulation can be derived as (11) . The total model 
C. Inverters With Generator Emulation
The parameters of the generators G1−G4 are shown in Table IV. Note that the generator mechanical model and generator control loops, such as governor and AGC, are neglected in the d-q impedance modeling, considering the frequency-scale separation among system modes [7] and mode reduction techniques [13] . The focus here is on the medium-and high-frequency instability issues introduced by inverters, instead of the lowfrequency stability of the emulated power system. The system fundamental frequency ω 1 is assumed as constant.
The control block diagram of the voltage-controlled inverter with SG emulation is depicted in Fig. 4 . The SG electrical model is represented by the generator output impedance Z g and the voltage gain G gf from the field winding voltage E fd as shown in (13) . A first-order LPF G fcg as expressed in (14) is applied to the current input of the SG electrical model. G fv , G fc , and G ffc are the voltage filter, current filter and current feed-forward gain, respectively, as expressed in (14) . G v , G vdec , G Vo , and Z o are shown in (15) . The voltage open-loop gain T c and closed-loop gain G clv are expressed in (16) . The d-q output impedances of the inverter without generator emulation (Z v ) and with generator emulation (Z ov ) in the common system d-q frame are expressed in (17) and (18), respectively. Detailed modeling has been presented in [26] and [29] . The total model of the inverter with generator emulation is expressed in (19)
III. D-Q IMPEDANCE BASED STABILITY ANALYSIS
The impedance-based equivalent circuit of the two-area system in the common system d-q frame is illustrated in Fig. 5 . Inverters G1−G4 with generator emulation are represented by their equivalent Thevenin circuits with impedance matrices Z ovj (j = 1 − 4). Inverters L7 and L9 with static ZIP load emulation are modeled by their equivalent Norton circuits with admittance matrices Y oci (i = 7, 9). The voltage and current references of inverters are defined in (20) and (21) 
A. Stability Analysis Using the GNC
When using the GNC for stability analysis, the multibus system can be divided into two subsystems at any bus, where the rank of the controllability and observability matrices is full [17] , such as Bus 7 with the total impedance Z B7L of the left-side subsystem and admittance Y B7R of the right-side subsystem. The system return-ratio matrix (or the minor loop gain) T m B7 and the return-difference matrix F m B7 at Bus 7 as well as the closed minor loop gain T clm B7 are defined by
The system stability can be determined by applying the GNC to the return-ratio matrix T m B7 , as described in
where P () denotes the number of RHP poles, N (−1, j0) () is the net sum of anticlockwise encirclements of the critical point (−1, j0) by the set of characteristic loci (in other words, the Nyquist plots of the eigenvalues) of the return-ratio matrix. The system is stable if and only if P (T m B7 ) is equal to N (−1, j0) (T m B7 ).
In addition to the aforementioned eigenvalue-based GNC, the system stability can also be predicted by applying the determinant-based GNC [25] to F m B7 , as expressed in (25) where det() means the determinant, and N (0, j0) () denotes the number of anticlockwise encirclements of the origin point The impact of voltage controller parameters on system stability is analyzed here. Two cases are considered: Case 1 with a PI controller (K vp = 1.04 and K vi = 325), and Case 2 with an integral controller (K vp = 0 and K vi = 325).
As evinced in Fig. 6 , none of the characteristic loci of T m B7 (s) encircles the critical point (−1, j0) in both cases, but the pole-zero map of T m B7 (s) indicates two pairs of RHP poles in Case 2. Therefore, the system is stable in Case 1 but unstable in Case 2 according to the eigenvalue-based GNC.
The above example demonstrates that, when applying the GNC, it is necessary to check the RHP poles of the return-ratio transfer function matrix, which cannot be obtained when the internal control structure and controller parameter information of inverters are not available.
B. System Model Based on the CCM
Based on the CCM, the inverter-based two-area system can be decomposed into individual inverter components and the connection network [3] , as illustrated in Fig. 5 . The detailed block diagram of the CCM applied to the inverter-based twoarea system is depicted in Fig. 7(a) . The composite model of all inverter components can be derived as (26) . Y(s), U(s), and D(s) are the output vector, reference vector, and disturbance vector of inverters, respectively, as expressed in (27) . G cl (s) is the closed-loop reference-to-output transfer function matrix as described in (28) . G cd (s) is the closed-loop disturbance-tooutput transfer function matrix with inverter output impedances or admittances as the diagonal elements, as shown in (29), which can be also seen as the overall impedance matrix model of all inverter components diag[G clv1 , G clv2 , G clv3 , G clv4 , G clc7 , G clc9 ] (28)
In addition, the connection network can be modeled by (30) with G nw (s) representing the output-to-disturbance transfer function matrix, which can also be regarded as a multi-input multi-output (MIMO) impedance matrix model of the connection network. Then, the overall system model can be obtained as (31) and it can be regarded as a MIMO negative feedback system as shown in Fig. 7(b) . The transfer functions G gfj (s), G ZIPi (s), and G fZIPi (s) are determined by the emulated SG and ZIP load, so they are stable. Each inverter is designed to be stable individually with ideal external conditions, so G cl (s) is stable. Therefore, the system stability is determined by the transfer function matrix [I + G cd (s)G nw (s)] −1 . For the MIMO feedback system, the open-loop transfer function L(s) (also called return-ratio matrix or minor loop gain) is expressed in (32) and the return-difference matrix F(s) is expressed in (33) . Therefore, the system stability can be analyzed by applying the GNC to L(s) or F(s). Note that, different from the 2-by-2 return-ratio matrix T m B7 when only using the GNC in Section III-A, the return-ratio matrix L(s) derived based on the CCM is 12-by-12
C. Proposed Method for Derivation of the Impedance Matrix of the Connection Network
Derivation of the connection network impedance matrix in multibus ac systems composed of both voltage-controlled and current-controlled inverters is proposed here. Each variable is frequency-dependent, but the symbols "(s)" or "(jω)" are omitted for simplicity. The derivation contains two steps.
Step 1: Eliminate the buses without inverter connections (also known as Kron reduction [31] ).
The nodal admittance matrix Y sys of the connection work of the two-area system can be expressed as a partitioned matrix in 
Step 2 
D. Stability Analysis Based on the CCM and the Eigenvalue-Based GNC
A stability criterion is presented in [24] for conventional power systems based on the CCM and the eigenvalue-based GNC, which was applied to the system return-ratio matrix. Likewise, with the derived impedance matrix G nw (s) of the connection network in Section III-C, the stability of the two-area system can also be analyzed by applying the eigenvalue-based GNC to the return-ratio matrix L(s), as in (42), where Z() denotes the number of RHP zeros
Because the connection network consists of only passive elements, G nw (s) does not have RHP poles. Taking the stable matrix G cd (s) into account, L(s) does not have RHP poles, that is, P (L) = 0. Therefore, the system is stable if and only if The analysis method based on the CCM and the GNC can avoid the examination of the RHP poles of the return-ratio matrix. It only needs the frequency-dependent impedance characteristics L(jω) instead of the detailed transfer function models L(s) of the system. Thus, it enables the system integrators to predict the stability of systems by using the measured impedances of purchased commercial inverters.
E. Proposed Stability Analysis Method Based on the CCM and the Determinant-Based GNC
For large systems, the order of the return-ratio matrix L is high, and it will be tedious to examine each characteristic locus when applying the eigenvalue-based GNC. Another stability analysis method for the system model based on the CCM is proposed here, that is, to predict the system stability by applying the determinant-based GNC to the return-difference matrix F. The stability criterion is expressed in (43). The system is stable if and only if N (0, j0) (det(F)) is 0. Because the determinant of F, det(F), is a frequency-dependent scalar variable, there is only one Nyquist plot to be examined. Thus, the stability judging process using the determinant-based GNC is simpler than that using the eigenvalue-based GNC, which can be demonstrated as follows:
(43) Fig. 9 shows the Nyquist diagrams and Bode plots of det(F) in both cases. Considering the large magnitude variation, the Bode plot is an easier way than the Nyquist diagram to count the encirclements around the origin (0, j0). Note that the Nyquist plot in the full frequency range of (−∞, +∞) should be considered. Therefore, considering the symmetrical Nyquist plots, when only examining the positive frequency range of the Bode plot, 180°increase in the phase angle means encircling the (0, j0) point once in anti-clockwise direction while 180°decrease in the phase angle means encircling the (0, j0) point once in clockwise direction. According to the Bode plots in Fig. 9(b) , the overall phase variation values in the full positive frequency range are 0°in Case 1 but −180°× 4 = −720°in Case 2. It indicates that N (0, j0) (det(F)) = 0 in Case 1 but N (0, j0) (det(F)) = −4 in Case 2. Therefore, the system is stable in Case 1 but unstable in Case 2 with 4 RHP poles. The analysis result agrees with the results using the aforementioned methods.
It is worth noting that, although the determinant-based GNC can simplify the analysis, the eigenvalue-based GNC still has some advantages, such as 1) the gain margin and phase margin can be easily observed for stable cases [e.g., 2.8 dB and 2.7°in Case 1, as shown in Fig. 8(b) ], and 2) the approximate resonance frequencies can be determined for unstable cases [e.g., 102 Hz and 106 Hz in Case 2, as illustrated in Fig. 8(d) ].
IV. STABILITY ANALYSIS OF A MICROGRID
A. System Description
In order to further demonstrate the universal applicability of the proposed stability analysis method to the small-signal instability problems related with medium-and high-frequency modes of any three-phase inverter-based ac power systems, a microgrid is established by modifying the IEEE 37-bus test system [12] , [31] in the islanded mode. As shown in Fig. 10 , the microgrid consists of 4 inverters (VI1−VI4) with inner voltage control loop and outer droop control loop as expressed in (44), another 3 inverters (CI1−CI3) with inner current control loop and outer power control loop, 25 RL loads and 3 shunt capacitors (C p ). The parameters of the network branches and loads are the same as those listed in [31, Tables V and VI] , and thus not presented here due to the page limit. The physical parameters and inner control loop parameters of inverters are the same as those listed in Tables I and II , while the power references (P 0 and Q 0 ), voltage and frequency references (V 0 and ω 0 ) and droop coefficients (m P and n Q ) of the outer loops are listed in Table V . The shunt capacitor parameters are C p1 = 150 μF, C p2 = 300 μF and C p3 = 100 μF, respectively,
B. D-Q Impedance Models of Inverters
As reported in [32] , in order to fully represent the dynamics, especially the low-frequency variation of the fundamental angular frequency, of three-phase droop-controlled inverters, the terminal characteristics modeling of inverters should also include a transfer function between current and fundamental angular frequency ω, in addition to the transfer functions (impedance or admittance) between current and voltage. However, considering the sufficient frequency-scale separation between the slower outer power sharing loop and the faster inner voltage and current control loops, the outer power sharing loop can be neglected and the fundamental angular frequency ω and voltage reference v * td of droop-controlled inverters can be assumed as constants ω 0 and V 0 , when only the medium-and high-frequency dynamics are the focus [10] . Therefore, the output d-q impedances Z ov VI of droopcontrolled inverters (VI1−VI4) can be derived from can be derived from Fig. 3 , by setting the ZIP parameters as k p1 = k q 1 = 0, k p2 = k q 2 = 0 and k p3 = k q 3 = 1.
C. D-Q Impedance Based Stability Analysis
The impact of the cut-off frequency parameter ω ffv of the voltage feed-forward control in inverters CI1−CI3 on system stability is analyzed here. Two cases are considered: Case M1 with ω ffv = 50 × 2π rad/s and Case 2 with ω ffv = 1000 × 2π rad/s. If only using the GNC for stability analysis at Bus 34 of the microgrid, the system return-ratio matrix T m B34 (s) and the return-difference matrix F m B34 (s) as well as the closed minor loop gain T clm B34 (s) can be derived as (45). As shown in Fig. 11(a) , T clm B34 (s) does not have RHP poles in Case M1 but has four RHP poles in Case M2. Therefore, the microgrid is stable in Case M1 but unstable in Case M2 with unstable resonant frequencies 370 Hz and 469 Hz in the d-q frame. 
When applying the d-q impedance based stability analysis methods using both the GNC and the CCM, the RHP pole calculation is avoided and, thus, the inside information of inverters are not needed, and the system stability can be determined by just the frequency-dependent impedances or admittances of inverters and passive components in the system, which can be obtained by impedance measurement [20] . Following the proposed method in Section III-C, the impedance matrix G nw (jω) of the connection network of the microgrid can be derived. With the combined impedance matrix G cd (jω) of all inverters, the return-ratio matrix L(jω) and the returndifference matrix F(jω) of the CCM-based system model can be obtained. By applying the proposed stability analysis method based on the CCM and the determinant-based GNC in Section III-E to F(jω), the Bode plots of det(F(jω)) as depicted in Fig. 11(b) indicate that N (0, j0) (det(F(jω))) = 0 in Case M1 but N (0, j0) (det(F(jω))) = −4 in Case M2. The analysis results are consistent with those using the GNC only.
D. Simulation Verification
The simulation model of the islanded microgrid under study has been built in MATLAB/Simulink. Fig. 12 illustrates the simulation results. Initially, ω ffv = 50 × 2π rad/s as in Case M1, and the output power of inverters CI1−CI3 is 0, while only inverters VI1−VI4 share the loads in the microgrid. At t 1 = 1 s, inverters CI1−CI3 are enabled to track the output power references (P 0 = 250 W and Q 0 = 150 Var), and the output active power of VI1−VI4 drops to equally share the remaining loads, due to the droop control. At t 2 = 1.8 s, ω ffv changes to be 1000 × 2π rad/ s as in Case M2, and the system becomes unstable. As shown in Fig. 12(b) , the FFT analysis of phase voltages v VI1 of Inverter VI1 and phase currents i CI1 of Inverter CI1 indicates that the major unstable resonance frequencies are 300 Hz and 420 Hz in the phase domain or equivalently 360 Hz in the d-q frame. This agrees with the frequency 370 Hz in the analysis results in Section IV-C, and validates the effectiveness of the proposed d-q impedance based stability analysis method based on the CCM and the GNC.
V. INVERTER CONTROLLER PARAMETER DESIGN
Since the multibus system stability can be determined using the aforementioned stability analysis methods given a set of selected controller parameters, the inverter controller parameter can be designed in two steps for the system stability.
Step 1: Design each individual inverter to be stable with ideal external conditions, and obtain the parameter range for internal stability of each isolated inverter to form parameter spaces.
Step 2: Repetitively apply the stability analysis methods for all the parameter sets within the parameters spaces, in order to obtain the stable regions, unstable regions and stability boundaries for external interconnection stability of the system. When using the traditional stability analysis method based on the GNC, the formulation and RHP pole calculation of the return-ratio transfer function matrix T m B7 (s) should be executed for each parameter set, which is cumbersome. On the other hand, when using the stability analysis methods based on the CCM and the GNC, the impedance matrix G nw (jω) of the connection network only needs calculation once as long as the system topology remains the same, and only the combined impedance matrix G cd (jω) of all inverters requires an update for each parameter set, which makes the analysis process easier. In addition, considering that the examination of many characteristic loci of the MIMO return-ratio matrix in the method based on the CCM and the eigenvalue-based GNC is still tedious, the proposed stability analysis method based on the CCM and the determinant-based GNC is adopted here for this iteration-type design process.
The current PI controller parameters are set as (46), where the coefficient 875 is tuned to make the current loop bandwidth as ω c . The voltage PI control parameters (K vp , K vi ) are defined by (47), where the coefficients 1.04 and 325 are from Table II Fig. 13 , the value of ω c is confined in the range of [100 × 2π rad/s, 1000 × 2π rad/s] for internal stability of current-controlled inverters when connected to an ideal voltage source, and the value of k vpgain and k vigain are confined in the range from 0 to 5 for internal stability of voltage-controlled inverters with open-circuit. Since ω ffv only changes the output admittance but does not change the stability of the current loop, the value of ω ffv is confined in the range of [50 × 2π rad/s, 1000 × 2π rad/s] . Other parameters are the same as those listed in Table II 
As one example, the voltage PI control parameters (K vp , K vi ) defined by (47) are designed for external interconnection stability of the two-area system while keeping ω c = 700 × 2π rad/s and ω ffv = 50 × 2π rad/s. The parameter design results are presented in the two-dimensional parameter map in Fig. 14(a) . Stable parameter sets are shown as blue circles; unstable parameter sets are shown as red crosses; solid lines represent the analysis stability boundaries, whereas the dash lines illustrate the stability boundaries obtained from the simulation results of the two-area system using MATLAB/Simulink. In the second example, the parameter pair (ω ffv , ω c ) of current-controlled inverters is designed for the two-area system, while keeping K vp = 1.04 and K vi = 325. Fig. 14(b) depicts the design result. The small but acceptable discrepancy between the analysis results and the simulation results near the stability boundaries is due to the limitation of the model accuracy.
VI. EXPERIMENTAL VERIFICATION
The experimental platform has been set up for scaled-down emulation of the two-area system using inductors and threephase inverters with generator and static load emulation [27] , [28] , [33] . The inverter parameters, system parameters and operating points are the same as those in the analysis.
In order to verify the stability analysis as well as the design results of the voltage PI control parameters (K vp , K vi ), two experimental cases (Case 1 and Case 2), marked as purple squares in Fig. 14(a) , have been carried out. Fig. 15(a) depicts the response of the inverter phase-A current i a when the parameter change of k vpgain from 1 to 0 is triggered. Fig. 15(b) shows the waveforms of inverter currents (i d and i q ) in their own d-q frames immediately after the trigger. As observed, the system changes from stable to unstable with an initial oscillation frequency of about 85 Hz, which matches very well with the stability analysis and resonance frequency of Case 1 and Case 2 presented in Section III. Large divergent currents cause over-current (OC) protection in G1−G4.
For verification of the design results of the voltage feedforward parameter ω ffv and the current loop bandwidth ω c in L7 and L9, as shown in Fig. 14(b) , two more cases (marked as purple squares) are performed. Case 3: ω ffv = 50 × 2π rad/s, ω c = 700 × 2π rad/s; Case 4: ω ffv = 800 × 2π rad/s, ω c = 700 × 2π rad/s. As shown in Fig. 16 , the system changes from stable to unstable after changing from Case 3 to Case 4. The FFT analysis of phase-A currents of L7 and L9 with ω ffv = 800 × 2π rad/s exhibits oscillations of 202 Hz and 322 Hz in the phase domain or equivalently a frequency of 262 Hz in the d-q frame.
VII. CONCLUSION
This paper demonstrated, for the first time, the application of the CCM in the frequency domain and d-q impedances to the medium-and high-frequency modes related stability analysis of three-phase inverter-based ac power systems in the d-q frame, by proposing a method for deriving the impedance matrix of the connection network for systems with both voltage-controlled and current-controlled inverter components.
Compared with stability analysis using the GNC only, the analysis methods based on the CCM, d-q impedances and the GNC do not need to check the RHP poles of the return-ratio matrix. They only need the frequency-dependent impedance characteristics instead of the detailed transfer function models of system components, so system integrators can assess system stability using only the measured impedances of inverters.
Compared with the stability criterion based on the CCM and the eigenvalue-based GNC for conventional power systems, the proposed stability analysis method based on the CCM and the determinant-based GNC, requires only one Nyquist plot examination of the determinant of the return-difference matrix, and thus simplifies the stability judging process.
Controller parameters of both voltage-controlled and currentcontrolled inverters can be designed by repetitively applying the proposed stability method, and presented as stability regions in the parameter space. The proposed stability analysis and parameter design methods are verified by simulation and experiments of two inverter-based ac systems.
